Today, utilities operating pump turbines require fast and frequent changes between pumping and generating modes as well as extended operation at off-design conditions. Operation of the units in unstable areas of the machine characteristic is not acceptable and may lead to self-excited vibration of the hydraulic system. Two main features of unstable behaviour of pump turbines are known. One sometimes occurs in generating mode at low load off-design operation close to runaway conditions (S-shape of the turbine characteristic) and the other one shows in pump operation as a drop in head as the flow is reduced (saddle-type pump instability of head curve). If the stability characteristics of a pump turbine need to be known already at the design stage of the runner, numerical flow simulation (computational fluid dynamics, CFD) is the most promising tool. As the characteristics of the flow near the stability limit are highly unsteady, steady state CFD, as it is usually applied for the runner design, does not deliver the necessary insight into the flow field. In order to analyse the flow field in runner and diffuser of a pump turbine in the unstable areas of operation, ANDRITZ HYDRO has evaluated several CFD procedures with different approaches for the calculation of the described instabilities in pump and turbine operation. The results of the unsteady flow calculation are compared with model test results.
Basics of hydraulic instabilities
The occurrence of system instabilities is closely linked to the slope of the head characteristic of the hydraulic machine. The slope is a necessary but not sufficient condition for the instability of the system. Further conditions are elasticity, inertia and the amount of energy dissipated in the system. Once the transferred energy is larger than the dissipated one, the system becomes self-excited. If the head-flow curve has a negative slope in turbine operation, energy is transferred to the fluid with the potential to excite oscillations in the system.
In pump operation, a positive slope of the head-flow curve occurs at operating conditions in which energy transferred to the fluid doesn't contribute to the head rise. This energy dissipates and gives rise to unsteady flow patterns such as vortices.
For pumps at part load the criterion for instability is thus given by:
For pump turbines at turbine no load the criterion for instability can be expressed as: Figure 1 . Saddle shaped pump head curve and slope of turbine characteristic at no load for constant wicket gate angle, in dimensional and normalized values [2] . Figure 1 shows a typical branch of a turbine characteristic fulfilling the described criterionfor instability near no load at constant wicket gate opening in dimensional and dimensionless presentation. Due to the shape of the curve in thedimensionless representation on the right, pump turbine characteristics fulfilling this instability criterion are often called S-shaped. The stability criterion in turbine operation can be expressed in the normalized quantities Several authors describe the excitation of oscillations in hydraulic systems [3] [4] [5] [6] and sophisticated programs for system modeling are available. Recent publications on pump turbine flow at speed no load show an unstable interaction of flow in pump and in turbine direction in the runner channel Liang [1] .
S-shaped instability in turbine operation
Reversible pump-turbines are designed with emphasis on the pump flow, because the decelerated pump flow is more sensitive to flow separation, recirculation and losses. In combination with the hydraulic system, this requirement often leads to unstable operation near no load (runaway) in turbine operation. Such instability is associated with fluctuations of head and discharge in the system, which in turn lead to torque fluctuations on the shaft of the machine. During turbine startup and synchronization, such instabilities are highly unwanted, since faster startup and switch-over times become increasingly important in today's electricity markets. In the event of unstable interaction of machine and hydraulic system, stability can be accomplished by misaligning (de-sychronizing) a few wicket gates when starting the machines. This measure has been applied successfully, but it doesn't influence the root cause of the instability.
Numerical analysis of S-shaped characteristics
In order to identify the hydro-mechanic effects, which lead to the S-shape of the turbine characteristic and with the goal to identify criteria for the design of stable pump turbine runners, ANDRITZ HYDRO has initiated a research project in collaboration of the Hochschule Luzern (Switzerland) ([2, [5] ). The project was co-founded by the Swiss Commission for Technology and Innovation (CTI) and swisselectric research.
In the scope of this project, several pump-turbine runners were examined using CFD and measurements on the test rig. The runners have a specific speed of around n q =44, with n q defined as
The number of wicket gates was 20 and the number of runner blades 9 for all examined pumpturbine runner. All runners were analyzed using the same stationary components, i.e. spiral casing, stay vanes, wicket gates and draft tube ( Figure 2 ). S-shaped characteristics at turbine low load operation can be observed in particular with pump turbines with lower specific speed. Even though the specific speed is an important factor, it is not the only parameter responsible for the occurrence of the S-shaped characteristics. For the same specific speed, some runners show this feature, whereas others don't. It is especially important at which wicket gate angle the instability occurs. At startup, the machines are synchronized to the frequency of the electrical grid at small wicket gate angles, usually around 6°. Instability in this operating range can increase the startup time or even impede startup completely. In order to cure the problem at its source, detailed knowledge of the changes in the flow patterns within the pump turbine and of the different dissipation mechanisms involved to reach equilibrium at no load operation is essential.
At no-load operation, energy input (hydraulic energy) and dissipated energy are at equilibrium in the machine. For each wicket gate opening, such an equilibrium point can be found, defining the runaway line. If the head is assumed to be constant, the rotational speed will increase along the runaway line when the wicket gates are opened. At startup of the turbine, synchronization speed is reached at small wicket gate angles, usually around 6°, as no load is transferred to the generator.
The characteristics in the range of the S-shape were simulated using a linear reduction of the discharge. The linear reduction of discharge leads to linear reduction of pressure in the spiral casing for characteristics without S-shape.
The dissipation of energy at no load is a highly unsteady process in the vane less space between wicket gates and runner and in the runner itself. The excess hydraulic energy leads to pumping (flow in opposite direction to the turbine flow) in parts of the runner channels. The interaction of inflow and forced outflow at the runner leading edge leads to formation of vortex structures. Depending on the type of vortices, the vortex structure can block the through flow, leading to an increased pressure difference between the areas upstream and downstream of the vortex structure. CFD analysis showed that the pressure rise in the range of the S-shape can be attributed to vortex structures in the vane-less space between wicket gates and runner. Figure 3 . CFD-calculated pressure in spiral casing, runner without (left) and with S-shape characteristics [4] . The CFD simulation showed pressure pulsations in the spiral for operation close to no load. For a runner without S-shape characteristic, the mean pressure is reduced with reduced discharge, as can be expected for stable operation. For a runner that exhibited unstable behavior, the pressure amplitudes become smaller whereas the mean pressure in the spiral rises slightly for low discharge (Figure 3 ).
Analysis of vortex structures at runaway
For flow rates at which the head discharge characteristic has a positive slope, the vortex structures are highly unstable. Reducing the flow rates, the vortices sometimes become stable in time and space and block the through flow. This blocking of the trough flow is the reason for the negative head gradient and the pressure rise in the spiral. Thus the stabilization of the unstable vortex formation can be identified as the root cause for the characteristic with negative slope, i.e. potentially unstable interaction with the system.
The vortex structure consists of a primary vortex, which extends toroid-like around the vane-less space, and a secondary vortex in each runner channel (Figure 4 ). This vortex structure can take two distinct shapes. 1.With fully developed vortices, fluid enters the runner only at the shroud side, while vortices block the rest of the cross section. The inflow at the hub side enters the secondary vortex ( Figure 5 ) and the pressure in the spiral casing increases or remains at high level.
2.With the vortex structure partially developed, fluid can enter the runner at hub and shroud and blockage is significantly less than in state 1. The pressure in the spiral decreases or remains low. Figure 5 . Fully developed vortex structure with hub flow feeding the secondary vortex [4] .
If the vortex structure is fully developed over the inlet area of all runner channels, it blocks the flow. This blockage leads to high pressure in the spiral casing and the high pressure side of the system, leading to rising pressure at decreasing discharge (S-shape). The main driver of the primary vortex is a strong cross flow on the pressure side from hub to shroud at the leading edge. If this cross flow can be reduced or avoided, the S-shape of the characteristic can be avoided or reduced along with the associated system fluctuations. Figure 6 . Vortex structure in a runner with S-shaped characteristics and a runner designed to avoid the S-shape at runaway(right) [4] .
Based on the numerical and experimental analysis of the flow structures in pump turbine runners with and without S-shape, the research team developed design criteria for a runner with stable characteristic. Especially the shape of the turbine leading edge influences the formation of the fully developed vortex structure. Figure 6 shows the stream lines of the stable vortex structures near no load in a runner with S-shaped characteristic with fully developed primary and secondary vortices.
For the same operating condition, a new runner designed according to the newly developed criteria, shows unequal distribution of the vortices along the circumference of the leading edge ( Figure 6 ).
Results of test rig measurements
A runner designed according to the criteria developed to avoid stable vortex structures in the vane-less space at runaway was built and measured on the pump turbine test rig. The measurements of the turbine characteristics showed no S-shape at runaway, as was predicted by the previous analysis (Figure 7) .Efficiency of the runner slightly differed from that of the reference runner with S-shape, being higher in turbine and slightly lower in pump operation. At present it is not clear, if this difference in efficiency can be attributed directly to the design criteria related to avoiding the S-shape.
Figure 7.
Turbine characteristics for runner with and without S-shape at the runaway curve.
CFD calculation of unstable characteristic in pump mode
The layout of a pump turbine is a compromise of pump and turbine operation. Layout close to the pump instability results in higher turbine efficiencies (Figure 8 ). It therefore is an advantage if the pump stability limit is as high as possible. If the head drop of the saddle-shaped instability extends below the highest operating head, start-up of the machine at higher heads becomes impossible, therefore the designer of the pump has to take care that the saddle-type head drop has sufficient margin against the highest regular operating head. 
The setup of a model for the numerical calculation is always a compromise between calculation effort (e. g. model size and boundaries) and desired results. For the steady state calculation at the design stage usually one channel of the pump turbine is sufficient, as rotationally symmetric flow can be assumed with reasonable accuracy. For the analysis of the flow field in the unstable region, it is necessary to model the full runner and stator (including wicket gates, stay vanes and spiral casing). In this mode of operation, significant circumferential variation of the flow in runner and stator has to be expected.
Figure 9.
Calculated head curve for one pump turbine. Flow pattern for stable (right) and unstable operation. Recirculation in the stator (green) shows when the head curve is still stable 3.2. Efficiency and head curve Apart from the described non-periodic behavior, also the loss treatment of the CFD calculation influences calculated head and efficiency. As it is not feasible to model a fully homologous model of the pump turbine including all runner side spaces and labyrinths, the CFD simulation cannot capture some losses that are considered in a model measurement. Specifically, leakage and gap losses as well as disc friction are neglected in the usual CFD set up ( [7] ). In order to compare measured and CFD calculated loss and head curves, these losses have to be assessed using analytical approaches. Depending on the operating point, these losses can make up several percent of efficiency or flow rate. If the relative values of the efficiency are considered, the CFD calculation shows the correct position of the best efficiency point (BEP) versus the flow rate. This is important information for the design, as it allows positioning the BEP correctly.
Calculated and measured head curves
The neglected losses not only influence the efficiency, they also change the shape of the calculated head curve. If labyrinth and disc friction losses are considered, the head curve shifts to roughly 2-3% lower values. The influence of these losses increases with decreasing discharge. For some of the analyzed examples, the mesh size showed significant influence on the shape of the head curve. For one of the analyzed pump turbines, the results of the calculation with a coarse mesh are closer to the measurement than those obtained with the higher spatial resolution (Figure 9 ). Even though the head curves differ depending on the size of the calculation mesh, in several cases one could observe the same change in the flow pattern at the onset of the instability in both mesh sizes. The analysis of the flow patterns shows rotating stall in the stator in the stable branch of the head curve. The onset of fully developed pre-rotation at runner inlet shroud coincides with the instability of the head curve. The calculation shows rotating stall in the stator already in the area of stable operation. At a stable operating point (right in Figure 9 ), five distinct stall cells can be identified while the flow in the runner shows no instability. Component wise analysis shows that the head curve of the stator already exhibits a decreasing slope whereas the head curve of the runner is still fully stable. In this case, the overall head curve becomes unstable when the runner curve shows a head drop. For the examined machine, the instability of the runner curve coincides with the onset of a recirculation zone in the runner at the shroud at inlet, which extends beyond the pump leading edge (left in Figure 9 ).
Conclusions
It becomes increasingly important to assess the stability of pump turbines in both pump and turbine operation at an early design stage. In order to identify the mechanisms leading to unstable behavior, the turbine behavior at runaway was analyzed with numerical methods and on the test rig. The authors were able to identify a possible mechanism cause the S-shape of the turbine characteristic. A runner designed using criteria developed based on these findings showed stable behavior in the measurements. The analysis of unstable pump behavior at part load showed that CFD is able to identified basic mechanisms of instability, however with a certain offset related to model measurements. In order to understand and in the future to avoid unstable behavior, a combination of comprehensive unsteady CFD calculations accompanied with targeted model measurements seems to be a feasible approach.
